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ADD/DROP MULTIPLEXER WITH LINE IN REFLECTION AND WAVELENGTH 
SELECTIVE OPTICAL CROSS-CONNECT 



35 



^ BACKGRQIJM Q OF THF HMVPMTirMa 

The present Invention relates generally to a double-passage acousto-optica. 
dev.ce. that .s. an acousto-optlcaJ device through which light passes twice and 
specifically to various optical filters, wavelength add/drop devices, and optical cross- 
connects that are constructed using the double-passage optical device and methods 
1 0 for using them. 

in optical filtering, double-stage optical filters are advantageous, because their 
filtenng performance is increased compared to a single-stage filter having the same 
charactenstics. Acousto-optical filters are known that provide for the interaction 

1 5 ITr. T """'^^""^ ""'^"'""^ ''"^^ °" ^ ^""^^^^^ '^•■^efringent 

16 and photoelasfc material, and acoustic waves propagated on the surface of the 

subst^e^ The acousfic waves are generated by suitable transducers and are Initially 
supplied by radio frequency signals. 

The resonant (phasematched) interaction between a polarized optical signal 
and an acoustic wave produces a wavelength-selective polarizafion conversion of the 

-0 signal. ,n other words, a change of the polarization from rts transverse electric TE 
component to its transverse magnetic TM component, which are orthogonal to each 
other, and vice versa. Following this interaction with the acoustic wave the 
polanzation components undergo not only the conversion to the corresponding 
orthogonal components, but also a frequency shift whose absolute value is equal to 

5 the frequency of the interacting acoustic wave (and therefore equal to that of the 
applied radio frequency signal). The sign of the frequency shift is a function of the 
state of polarization and of the direction of propagafion of the acoustic wave with 
respect to the optical wave. 

'"^"^^^^°"^*«-°Ptical devices, by controlling the fr 
) ---t.cw3vesitispossib.etotunethespectra.responsecun.eoft^ whio, 
makes hem suitable for being used as switches and as optica, filter, of the signals In 
optica telecommunications networks with wavelength^livlsfon multiplexing. These 
unable switches and filters allow the selection of the signals to be changed and thus 
to reconfigure a networic. without altering the cabling of the components 

select- ■^^'^^^'^^^-^P^"' ^^-'^^ «'so allow th sv^tching and simultaneous 
selection of different signals or chann Is. if the acoustic wave propagating at th 
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surfece of the substrate is the superimposition of differ nt acoustic waves. In fact, the 
switches execute the combined switching of the signals at the wavelengths 
corresponding to the simultaneously applied frequencies and the filters have a pass 
band corresponding to the set of different wavelength intervals, detennined by the 
5 frequencies of the acoustic waves. 

As an example. EP 768555A1 in its FIG. 1 illustrates a 2x2 acousto-optical 
switch with a polarization independent response. The switch comprises a substrate 1 
In a birefringent and photoelastic material, consisting of Lithium Niobate (LiNbOj). 
Substrate 1 includes two polarization selective elements 2 and 3 and a conversion 
1 0 stage 4. The two polarization selective elements 2 and 3 are fonned by polarization 

splitters in an optical waveguide, each comprising respective central optical | 
waveguide portions 5 and 6 and optical waveguide input and output branches 7. 8, 9. 
10 for splitter 2 and 1 1, 12, 13. 14 for splitter 3, respectively. The input branches 7 
and 8 of splitter 2 are connected to input ports 71 and 81 of the switch through 
15 respective connecting optical waveguides 70 and 80. The output branches 13 and 14 
of splitters are connected to output ports 131 and 141 of the switch through 
respective connecting optical waveguides 130 and 140. 

In practice these acousto-optical filters according to the description in EP 
768555A1 comprise a waveguide chip of a length of about 65 mm, with optical guides 
20 71. 81 and 131. 141 spaced apart by about 250 urn. Although FIG. 1 of EP 0768555 
is not drawn to scale, optical guides 1 5 and 1 6 are typically spaced apart by about 
270 fun. This distance includes polarization beam splitters/combinere (PBS) 5, 8. 
The end-faces are usually slant-polished (about 6°) to avoid any back-reflection from 
the end-faces. The wafer on which the device is realized has a 3-inch diameter, this ^ 
25 dimension fixing the maximum length of the substrate 1 to about 60-65 mm. 

EP 814364A1 describes a double-stage acousto-optical waveguide device. 
FIG. 12 in EP 814364A1 shows a switch, or add/drop node comprising, in addition to 
a third polarization conversion stage 303. a fourth polarization conversion stage 403. 
The fourth polarization conversion stage 403 is connected to an input polarization 
30 splitter 404 and to an output polarization splitter 405. In turn the splftter 405 is 

connected to the polarization splitter 204 by means of the connecting branch 210 and 
to the lateral waveguide 255. The ports 19, 20, 21 and 22 are connected to the line. 
The polarization splitter 404 is connected to input ports 25 and 26 through which the 
signals to be added or subtracted are introduced and signals to be added or 
35 subtract d are also introduced through the ports 23 and 24. 

US 5,452,314 describes an acousto-optical tunable filter with a pair of 
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electrodes on opposite sides of the waveguide. The patent disclos s the use of a 
voltage source in which an applied lectric field controls the birefringence of the filter 
and a tunaWe laser incorporating such an acoustooptical tunable filter. Suitably 
adjusting the potential applied by the voltage source results In suppression of 
sidelobes, correction of asymmetric sidelobes. and compensation for physical 
variations in the waveguide. 

us 5.002.349 and EP 805372 describe single converter acousto^pBcal 
tunable filters. The '349 patent discloses an acousto-optical converter that allows 
multiple stages of such converters so as to provide for two-stage zero-frequency 
shifted converters and filters, lasers using an acousto-optical filter as a tuning 

element, polarization-independent converters, and wavelength^ivision-multiplexing 
routing switches. 

us 5.61 1 .004 discloses a polarization independent acousto-optical tunable 
filter (AOTF). The patent describes in its FIG. 6 an embodiment where two stages of 
signal filtering are realized with only one transducer 43 on the substrate 31 
Additionally, polarizer beam splitters 40 and 41 and a Faraday rotator 65 are used in 
the optical chain. Two stages of filtering are realized by passing the incoming beam 
of light through the AOTF a first time, reflecting the beam of light off of a mirror 67 and 
then passing the beam of light through the same AOTF a second time. A band pass 
filtered representation of the original beam of light is obtained at a arculator output 71 
of an optical circulator 69 located at the input of the embodiment. 

^P Application 981 18377.5 describes a double passage acousto-optical 
device including an acousto-optical filter having a first converter coupled betv^een first 
and second optical ports, a second converter coupled between third and fourth optical 
ports, and an optical combination coupled between the second port and the third port 
and including an optical isolating element. 

EP Application 971 13168.3 descnbes an acoustooptical device including a 
substrate of a material capable of propagating a surface acoustic wave afong a 
portion of the surface of the substrate, a transducer for generating the surface 
acoustic wave, an optical waveguide fomied in a substrate, and an acoustic absort^er 
sun-ounding the portion of the substrate. 

US 5.712.932 describes optical cross connects for routing optical traffic 
between transmission paths in a wavelength^ivision-multiplexed optical 
communication system. The cross-connect switches in the '932 patent use Bragg 
35 grating filters. ^ 

Applicants have discovered that conventional double-stag acousto-optical 
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devices require excessive substrate size and incur signal losses in their arrangement 
as add/drop multiplexers or wavelength selective cross-connects. The larg r wafer 
size and additional connections and losses leads to unnecessary complexity and cost 
for wavelength selection using acousto-optical techniques. 

5 

SUIVUVIARY OP THg IMVPMTIftM 

Applicants have discovered that add/drop multiplexers and optical cross- 
connect switches that use acousto-optical devices can have smaller wafer size, 
shorter length, fewer optical fiber connections and better performance than that used 
10 in conventional devices. 

In one aspect, an acousto-opticai add/drop muftiplexer consistent with the 
present Invenb'on includes a substrate-mounted acousto-optical switch having a first 
optical port coupled to a first polarization splitter, first and second polarization 
conversion regions optically coupled between the first polarization splitter and a 
1 5 second polarization splitter, and second and third optical ports coupled to the second 
polarization splitter. The muJtiplexer includes a first circulator having an input port, a 
switch port coupled to the first optical port, and an output port. A reflecting device is 
coupled to the second optical port of the switch . The multiplexer further includes a 
second circulator having a filter port coupfed to the third optical port, a drop port, and 
20 an add port. 

Preferably, the first polarization splitter has cross and bar transmission 
respectively for orthogonal polarization components of received light. 

Preferably the second polarization splitter has cross and bar transmission 
respectively for orthogonal polarization components of received light. 
2^ an embodiment, the multiplexer also includes a polarization-mode- 

dispersion compensator coupled between the reflecting device and the second optical 
port of the switch. Preferably, the polarization-mode-dispersion compensator Is a 
birefringent element, such as one of a polarization-maintaining fiber, and a 
birefringent crystal. Alternatively, the polarization-mode-dispersion compensator 
30 comprises a Faraday rotator or a quarter wave plate. 

In an alternative embodiment, a first polarization-mode-dispersion 
compensator is coupled between the filter port of the second circulator and the thirel 
optical port of the switch, and a second polarization-mode-dispersiori compensator is 
coupled between the switch port of th first circulator and the first optical port of the 
35 switch. Preferably, th first and second polarization-mode-dispersion compensators 
are on of a polarization-maintaining fiber and a birefringent oystal. 



PC788 



5 



20 



25 



30 



w,m prese« ™ n.o„ inCu*s af l.a« aeou«o^Scal a.«,=hes, each 

5 '«"'*"9<'«=ecoupl,d,o„noam,ofB,e«con<.polatoOonspli«aranda 

crcula^r having an input port for «ceiv,„s line ehanneia. a switch p« coupled to the 

opt,car path couprmg second am,s of the second polarization splitters In the 
respective acousto-optical switches. 

I "P^t'nacoustoKvlical waveguide device seleotive in 

wavelength consistent with the present invenUon includes a birefringent and 
Phctoelastic substrate, a wavelength^elect™ polatotion convereion regian 
including first and second acoustic waveguides and first and second optical paths a 
first polarization spfrtter coupled between one end of »,e first and ,«:ond opUcal paths 
and o„^ a fin« optical interface for the device, and a second polarization splitter 
coupled between an opposite end of the tiist and second optical paths and at least a 
second optical interface for the device. 

in another aspect, a method of using an optical device includes providing a 
Pfurahty of opfcal channels to an acousto-optlca. s^^'tch having a first polarization 
sp tter and a polarization conversion stage connected between the first polarization 
splitter and a second polarization splitter, switching at least one of the optical 
Channels to a first arm of the second po.arization splitter and other of the optical 
Channels to a second an. of the second polarfeatlon splitter, reflecting the other of the 

new Channel co.ncid.ng .n wavelength with the at least one of the optical channels 
an^ oo.b.n.ng the new channe, and other of the optica, channels at an output 7 he 
switch coupfed to the first polarization splitter. 

Jt is to be understood that both the foregoing general description and the 
foilow,ng detailed descnption are exemplary and explanatory only and are not 
res^cfve of the Invenbon, as claimed. The fbllowing description, as well as the 
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BRIEF DFSnRipTIQM OP T HE DRAWIMftC 

ofthi. ^^.„^"^'"P^'^y''^^'«^-"9s.wh*c'^^'«inc rp rated in and constitute a part 
Of th.s spec.ficat.on. illustrate embodim nts of the invention, and together with the 
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description, explain the advantages and principles of the invention. 

FIG. 1 1s a schematic diagram of an add/drop multiplexer consistent with on 
embodiment of the present invention having a single-pass add and drop filter and a 
double-pass notch filter. 

FIG. 2 is a schematic diagram of an acousto-optical switch for use in the 
add/drop multiplexers and optical cross-connects of the present invention. 

FIG. 3 is a schematic diagram of a wavelength selective optical cross-connect 
consistent with another embodiment of the present invention having a single-pass add 
filter and a double-pass drop and notch filter. 

FIG. 4 is a schematic diagram of a wavelength selective optica! cross-connect 
consistent with another embodiment of the present invention having double-pass add. 
drop, and notch filters. 

FIGS. 5A and 5B are schematic diagrams of other acousto-optical switches for 
use in the add/drop multiplexers of the present invention. 

FIG. 6 is a schematic diagram of a wavelength selective optical cross-connect 
consistent with the present invention including two acousto-optical switches integrated 
on a common substrate. 

FIG. 7 is a schematic diagram of an add/drop multiplexer consistent with 
another embodiment of the present invention including polarization mode dispersion 
20 compensation. 

FIG. 8 is the relative transmission of the band-reject filter (notch output) 
measured for an add/drop multiplexer consistent with the embodiment of FIG. 1. 

FIGS. 9A and QB are respectively the power penalty and the notch 
characteristic in function of dropped channels distance measured for an add/drop 
25 multiplexer consistent with the embodiment of FIG. 1 . 

DETAILED DESCRIPTI ON OF THE PREFERRED EMBODIMENTS 

Reference will now be made to various embodiments according to this 
Invention, examples of which are shown in the accompanying drawings and will be 
obvious from the description of the invention. In the drawings, the same reference 
numbers represent the same or similar elements in the different drawings whenever 
possible. 

As generally illustrated in FIG. 1. a double-passage acousto-opticai add/drop 
multipl xer 10 consistent with the present Invention includes a substrate-mounted 
acousto-optical switch 6 having a first optical port 202 coupl d to a first optical splitter, 
first and second polarization conversion regions optically coupled between the first 
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"'^^T ' '"^ ^ thW optical ports 203 

an. 205 coup,e<„o«,e second op.=al,p«,er. The.uKip, xer incls a ««. 

I r "^'^ a -eflacsng devte ,3 coupled to „cc™i 

O'*-'^ pot 203, and a second delator ,2 coupled to thWop«ca,pc« 205. ^ 

Tr "''"°' Appoints us^«,e 
11 oTlir "-^'"'^ - the invention, and 

«™se Of SMI . the art app^date that the vanous components Wentified hemin 
ne«l not be physically attached to each other to pn>vjde the optical coupling that 
10 assists in achieving the beneMal results of the invention. 

FIG. 2 shows acousto-opUoal svwtch 8 within a sul»trate or chip 101 

matenal preferably of lithium niobate (LiNba). Instead of LiNbO, another 
b-refrinsent, photoelastic and piezoelectric nr^terial may be used, fb, example 
15 s^cted in the group LITaO.,TeO„CaMoO.. Such materials exhibit two Indices of 
refractKjn of different value, an ordinary one n, and an extraordinary on. n. Thus the 
optical Signals, having generic polarization, that pass through these devices are ' 
su«e«ed to s sp« into two orthogonal polarization components that piopagat. on. 

20 ^J.T" °' "'^'^ index of 

In genoral. acousto^ptical switch 8 Is a 2x2 filter that is selective in respect of 
wavatenglh and has a response independent of polarizaticn. Switch 8 can be used to 
select optical signals between the cpBcai ports 202, 203, and 205 according to the 
wavelengths of the optical signals and the values of suitable control signals 

Optical waveguide branch 102, connected to the port 202. is fomied in the 
TTT^^'' r " ""version stage 

203 and 205. are also formed in the substrate 101. 

The selective polarizaUon elements 104 and 105 preferably comprise 
pclanzatlon dividers, fomied by »,o^ap wave directional couplere These 
components can separrt. corresponding polarfeatons supplied to a common 

upp,r^t conespcnding po,anza.ons 
supp,«d to two s.parete input waveguides Into a common ou*»ut waveguide In 
particular, each of polar^on elements 104 and 105 compnsas a cen^l op«c^ 
v-eg.de log.nd HOrespedv ^, and oonespondsig pairs of Input andtt^ 
"^veguides 111,112, 1,3, ,14.115, ,,6.117, 118. respec«va^. Thesesele.^ 
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polarization elements are symmetrical; in oth rwords their behavior does not change 
if the input optical wav guides are used as output guides and vice versa. 

Conversion stage 108 within switch 8 comprises two conversion regions, 
referred to in the course of the present description as the upper converter U and the 
5 lower converter L. The upper converter U comprises an optical waveguide branch 
119 connected to the output guide 1 15 of the pofarization divider 104 and to the input 
waveguide 1 14 of the polarization divider 105. Upper converter U also comprises the 
acoustic waveguide 121. The lower converter L comprises an optical waveguide 
branch 120 connected to the output guide 116 of the polarizaton divider 104 and to 
1 0 the Input waveguide 11 3 of the polarization divider 1 06. Lower converter L also 
comprises the acoustic waveguide 122. 

An acoustic central cladding 129 separates acoustic waveguides 121 and 122. 
Two piezoelectric transducers. 123 and 124, which are connected to the radio- 
frequency generator 6 in FIG. 1 by means of a radio-frequency splitter (not shown), 
15 are fonned by a pair of interdigitated electrodes. Transducers 123 and 124 can 
generate a surface acoustic wave at radio frequency and are positioned within 
acoustic waveguides 125 and 126, respectively. Acoustic waveguides 125 and 126 
communicate with acoustic waveguides 121 and 122. respectively, in such a way as 
to form acoustic couplers. 

20 The acoustic waves generated by the efectro-acoustic transducers 1 23 and 

124 propagate along the corresponding parallel acoustic guides 121 and 122 in 
opposite directions and in such a way that they can interact with the electromagnetic 
waves that propagate in optical guides 1 19 and 120. The acoustic waves are then 
coupled to portions of acoustic guides 127 and 128, respectively. Acoustic absort^ers 

25 1 3D at the termination of acoustic guides 1 27 and 1 28 prevent reflection of the 
acoustic waves. 

The operation of the integrated acousto-optical device 10 in FIG. 1 using 
switch 8 of FIG. 2 is based on the interaction between light signals, propagated in 
waveguides 1 19 and 120 formed on a substrate 101 of birefringent and photoelastic 
material, and acoustic waves propagated on the surface 121 and 122 of the substrate 
and generated by means of suitable transducers 123 and 124 supplied by radio- 
frequency Signals from source 6. The interaction between a polarized optical signal 
and an acoustic v«ve produces a polarization conversion of the signal, in other words 
a change of th polarization from its TE (transverse electric) component to the TM 
(transverse magn tic) component, which are orthogonal to each other, and vie 
versa. Following this interacUon with the acoustic wave, the polarization components 
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undergo not only the conversion to th correspondinq orthoaon^i . 

aiso a frequency shm. This shift has an e^SZtiri^T^^^ 

interacting acoustic wave fand th.n.f ^ ^ frequency of the 

Signal) As weH t.!! . '° ^^P"^ radio-frequency 

s.gnal). As well, the frequency shift has a sign that is a function of the state of 

P0lan«.on and of the direction of propagat,on of the acoustic wave Xlect to 
the opfcaf wave. Table 1 summarizes these refationships. ' " 

TABLE 1 





Propagation 


PolarizaBon 


Collinear 


Contra-linear 


TE 


+ 




TM 




+ 

1 
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same H T" '""^ '° '^"'"'^ within ^ g 

Zl -""^ic wave, and *e fr«,ueney shifts induced in 

of a s,nale passafle ihrough the Alter, show an equal »«,uency shift H„ or f 2 

In these acoust<«pti«l filters. It is possible to tune the spectral response 
cujve t, controLn, the frequency of .he aooustio »aves. which .Tahle^TheXtlon 
ofthe s,gnals to he ™difled ^.hou. changhg the wrHg of components ^» 

r;:rrar' ^^-JneoCeTr 

the sul«tra.e ,s the supenmposltlon of different acoustic waves. Such switchim, and 
se ec^^^ng can occur hecause «« acousto^ptioai «.r carries out 
se,«^„„ ofthe Signals atthewavelent^hs con^spondingto «,e fre^ueno^eTpp^, 
simultaneously ,o the electrodes of the eleCro^cousUc transducer 

*,r.v for the dBviea Shown in R6. 1.whichuses 

great, detail. For clarity c description, reference will be made to a par^r.^ 
exan,Ole m which the polanzatlon dividers 104 and 105 ^1.* . 
.~n,i^.Tapo.,.a.on,f.«.anyo,t.opJi;r^^^^^ 

H , Tor ine divider 1 04, the cross transmission is 1 1 1 -> i ig). 
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whi! the TM polarization is transmitted along the optical guid corresponding to bar 
transmission (for example, for the polarization divider 1 04 is 1 11 1 1 5). It will be 
evident to a person skilled in the art that this principle can be extended to the case in 
which the polarization dividers have the opposite behavior (bar transmission for TE 
5 polarization and cross transmission for TM polarization) to that described below. 

As shown In FIG. 2, an acousto-optical switch 8 according to the present 
invention includes a polarization divider that couples to only one optical port for the 
switch- The polarization divider such as 1 04 in FIG. 2 has four amis 111,112.115, 
and 116. However, in a prefen-ed embodiment, only optical port 202 of the switch 8 
10 connects to pofarization divider 104. The overall operation of the add/drop multiplex r 

of the present invention permits this arrangement as described below, which ^ 
overcomes prior limitations on the spacing of optical waveguides feeding to optical 
ports in the acousto-optical switch. By having polarization divider 1 04 connect to only 
one optical port of the switch 8. the optical path comprising the waveguides 1 1 1 and 
16 102 can be non S-shaped. That is. waveguides 1 1 1 and 102 may be arranged almost 
rectilinear in shape and shorter in length compared with conventional acousto-optical 
switches such as those described in EP 768555A1. Such an arrangement pennits a 
decrease in size of the switch and an avoidance of crosstalk problems often found in 
conventional switches. 
20 When an appropriate selection signal is applied to the electrodes of the 

transducers 123 and 124, the filter is switched to its on-state and changes to the 
cross transmission condition (cross-state) for the selected wavelengths. For this 
purpose, the transducers 123 and 124 generate surface acoustic waves at radio 
frequency with a drive frequency fRp (approximately 1 70 ± 1 0 MHz for devices ^ 
25 operating at approximately 1550 nm, and 210 ± 10 MHz for those operating at 

approximately 1300 nm). The drive frequency con^esponds to the resonant acoustical 
wavelength where polarization conversion TE->TM or TM -►TE takes place for which 
the selection is required. 

As shown in FIG. 1 . the present invention includes an optical circulator 7 
30 coupled to optical port 202 for acousto-optical switch 8. One of ordinary skill in the art 
will recognize optical circulators as optical passive devices having multiple ports 
(three in the example of reference 7) that sequentially ordinate as shown in the 
following figures by an arrow, fn general, the radiation entering one of the ports is 
transmitted towards only one ftheoth r ports and. mor partlculariy, the following 
35 one in accordance with the pne^slablished direction. Nevertheless, for the last port, 
according to the sequence, the entering radiation is not transmitted to a subsequent 
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port. "These type Of circulators are commonly called open Circulators a . 
Mod J PIFC2TF341000 (four-port arculator) orModel PIFC2PR5fuinnn «k 

estab Jh IT' """"^ f"™* transmission in a ore- 

10 couplers) as wrfl be apparent to one of ordinary skill in the art 

'5 ™i..ptex,ni,sy„emtos^h8. Circulator 7 p,«,e«b^ has tt,™. p<^st^7rand 

op..^ »ans„.ssion sys,e™. and d^uiator port 7b is coupled ,o opOoa, 
a«us,o.p»ca, s. p^erabiy. an oplical «ber 3 coupes Crcu atr7"o ^.^^ , 

''"""O^ one™, employ ai,ema«v, optical couplln» ,echni,ues 

Light ladialionlhatenlerscirculafor port 7a Dassesihm,.„K.K ■ , 
exils at Circulator port 7b ThalioM„»H,w '"'"^ "'''^ "'""'S'' <=»-="laor and 

inputpcrt ..-trtd .scr o::::r,r 'r::rr - 

iMnchas 1 16 and 1 1 5. respectively, shown in FIG. 2 The TE and TU . 

from 2 ^""^ >»lanzation components havlna wavelensths difhren. 

rsrrb^Lrrnorrr-rr^ 

1 17 in poIariratior> divider 105 The ^2 """^^"'^ ' *^ ^"^^"''^^ 

aiviaer io5. The radiation recombined in this wav Is s^nt », 

wavegu.de 106 such a way that « leave, the port 203 ,„ un^^L^I 
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As shown in FIG. 1, the present Invention includes a reflecting device 13 
arranged in series with an optional polarization-mode-dispersion compensator 9a 
(described below) and coupled to optical port 203 of acousto-optical switch 8. 
Reflecting device 13 is preferably a min-or or similar component that reflects 
substantially ail wavelengths that It receives. In one embodiment, reflecting device 13 
is an external fiber pigtail with a metallized end. 

The recombined light that exits optical port 203 in switch 8 is returned by 
reflecting device 13 to port 203. Subsequently, the light entering port 203 passes 
back through switch 8 in the same order described above. In short, polarization 
divider 105 in FIG. 2 splits the TE component of the light in a cross state to optical 
waveguide 120 and splits the TM component in a bar state to optical waveguide 119. 
Again, the polarization components of the returning light that have wavelengths 
different from that selected by the radio-frequency generator 6 (as described below) 
pass unchanged through the branches 120 and 119 of the conversion stage 108 and 
are then sent to the polarization divider 104 in which they are recombined. That is. 
the TM component of the input signal having wavelengths different from that selected 
in the acoustic waveguide 121 will pass in the bar state from waveguide 115 to 
waveguide 1 1 1 in polarization divider 104. Similariy. the TE component of the input 
signal having wavelengths different from that selected in the acoustic waveguide 122 
will pass in the cross state from waveguide 1 16 to waveguide 1 1 1 in polarization 
divider 104. 

The recombined TE and TM components of the light signal not selected by 
radio frequency generator 6 exit optical port 202 of switch 8 and travel through fiber 3 
to drcuiator 7. The light signal enters circulator port 7b and exits through circulator 
port 7c for transmission to an external optical communication system. 

Consider, however, the polarization components of the input light signal that 
enter optical port 202 from circulator port 7b and have a wavelength among those 
desired as output wavelengths (and selected by radio frequency generator 6). As 
mentioned, polarization divider 104 separates the TE polarization components 
present at the fire! input port 202 to optical waveguide 120 and the TM polarization 
components to waveguide 1 19. The TE electromagnetic radiation is propagated 
along waveguide 120 in the opposite direction to that of the acoustic wave generated 
by the electro-acoustic transducer 124 and therefore, as shown in TaWe 1, it 
undergoes a frequency shift -fRp which is of negative sign. 

RF gen rator 6 provides the drive frequency for both transducers 123 and 123 
in a preferred embodiment of the present invention. 
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's'yuiuc liii, ana those components with a wa\/Aian«*K 

15 transrrussbntowaveauide iifl *l. «5iik> m a cross 

CO waveguide 118. where they combine with the TM poJarization 
components from the lower converter L. PO'anzation 

ooIaH. T ««'"st,-c wave the 

polar^fon components at the selected wavelengths undergo not only conve^ion to 

^---spond.ngcrthogona,components.buta.soafrequencyshlft 

25 coniponenu ge. mixed dow„.ft,a^ of tt« acous.c^p„ca, d.vio. 

may be a «,ree-port c*«.,ator having pZ^^ l^ld . k ' " 
30 coupled ,ia an opflona, cp.ca, ,Tpo„ ' ^ 

" om pon 4i02, enter circu ator port 12a r iroi iiat^i- -i n *u 

cp^oa, s^na, ^ p„„ ,„ J„ to aT^,!!:""' """^ 

example. A, a maul. RF „ . teleoommumeatior system, for 

through op«cal port 202 Asan^l^r '""««P«cal svvitth 8 

02. AS an example, acousto^pUoal switch 8 may function as at 
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least a drop muftiplexer for dropping a particular channel from a wavel ngth-dlvision- 
muftiplexing system carrying a plurality of densely spaced channels at the input to port 
202. 

As well, acousto-optical switch 8 in the an-angement 10 of FIG. 1 may add 
channels to an external telecommunication system. In particular, an information- 
carrying channel corresponding to the conversion wavelength dictated by RF signal 
generator 6 may be added through circulator port 12c to an extemal system coupled 
to circulator port 7c. The added channel at the characteristic carrier wavelength is 
inserted to circulator port 12c and passes via circulator port 12a to optical port 205. In 
the manner described above, polarization divider 105 will send the TE polarization 
component in cross transmission through acoustic waveguide 121 via optical 
waveguide 119. Likewise, polarization divider 105 will send the TM polarization 
component in bar transmission through the lower converter L via optical waveguide 
122. Because the added channel coincides with the selection performed by RF signal 
generators, upper converter U perfonns an orthogonal polarization shift TE-»TM and 
lower converter L perfonns an orthogonal polarization shift TM->TE on the respective 
passing optical signals. Consequently, the TM component present at waveguide 115 
and the TE component present at waveguide 116 combine within polarization divider 
1 04 and exit acousto-optical switch 8 via port 202. Circulator 7 serves to route the 
added channel to an extemal optical system, for example, via output port 7c. 

Applicants have made and tested a device 1 0 of the type of that of FIG. 1 . 

The extinction ratio in dB versus wavelength in nm at port 202 (notch output, 
i.e.. relative transmission of the band-reject filter) has been measured for a switch 8 
having a single-pass filter bandwidth of 2.2 nm. 

FIG. 8 shows that for the double-pass notch an extinction ratio of lower than 
-30 dB is achieved. 

Applicants have tested the operation of device 10, in particular in view of 
detenmining its characteristics with regard to spacing of the input optical channels. It is 
known that, for acousto-optic filters, if the optical channels spacing is less than a limit 
value the acoustical signals interfere, introducing an amplitude modulation of the 
optical signal. This can result in a power-penalty in optical data transmission. 

In FIG. 9A the power penalty (i.e.. the Increase of optical power at the receiver 
that is necessary for compensating the negative effect of amplitude modulation) is 
sh wn as a function of the channel distance of dropped channels, nomialized to the 
filter bandwidth. For a channel distance of at least about twice th filter bandwidth the 
power penalty Is significantly reduced, and is below a level of concern. 
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c^ann d«.anoe normateed ,o «,e fiter bandwldm, ,br four simultaneously dropld 
channels, has been ™a.ure<. and plotted In FIG. 9B 

7''f<="™'"^"«'^«=l~»'enotchdepthsre™inofat>out^OdB<in 

rc:r°^^""-"'''^^'""^""^'^<''--'-'-----ce;i^ 

''f ^"'o«. an alternative embodiment of the present invention with a 
c^^na^on o^t^o add^drop multiplexer.. The mt^p^xerof HG. 3 prides double- 

10 2^ T"' "™ ^"'"'^ v^lch can give 

2'rr™T ''''""^' "''''°°"^=^^"™'=^^"» Addedchannels 
, V '^ '^^ 'n P'rtcula, muftiplexer 30 Includes , 

LiNbO. subst^te 32 ™th two switches 8 and a' Integrated on the subst^ts « 
course, switches 8 and 8' may reside on sepa^te subst^tes If desi,«i m this 

port203 Of the second switch In the same fashion as describe, for sv^h 8 in 

,hro \T ■"»'-=lfopped Channel, as they pass 

through acus«c waveguides in switct, 6- so that the TE and TM modes oft^se 
wav..«,gths ^ combined a. output pc 204 on the substrate 32. Port 2<^ m^^ 
^ coupted to an external optica. communicaBon system similar to ci^ulator port ,i m 

,h. . '"^''^•^'"^ "^'S- 3 sdvantageously pn,vldes another fr«,uency shift to 
the dropped channels of a value equal to that applied by switch 6 but w«l, the 

opp^ite sign. As, result, the overall frequency shinAf„ for the dipped Channels 
con»^„d,ng to the wavelengths of those same channels ma. e„.»,ed swlh 8 a. 

FIG. 4 Is a schematic diagram of another embodiment of a multiplexer of the 
P^sent .nvention having th^e aco^to-optlca, swHche, integrated onZ^^ 
substrate. this embodiment, switches 8 and 8' of the devlL ^in nG , : 

Z^Z^ T, °" ^ '^'^ ^ «° -troductlon into 

port 120 of crculator 12. The multiplexer of FIG. 4 pravides double^ne fiiteZ fer 

^of.e,,„ech«.n,l.,addedchan„e,s,nddn,^chann.ls,::rrrZ'°^ 
'"ShW'fo'n.ance. for example, at 200 GHZ channel spacing 

More particulaily. multiplexer 40 Includ s an opticsl port 202" br,n„ h ■ 
chennelwavelengthsforaddlngt a wavelength. Jon-mSL'gTystTr' 
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example, coupled to circulator 7 and/or drop port 202'. Switch 8" is preferably driven 
by RF generator 6 (not shown), which also drives switches 8 and 8'. Therefore, 
switch 8" converts the polarization mode of the added channels that enter optical port 
202". As discussed above for switch 8 in FIG. 1 . this conversion will include a 
frequency shift for the channels exiting switch 8" at optical port 205" and entering 
circulator port 12c. The second passage through multiplexer 40 for the added 
channels will occur through switch 8, which will again convert the polarization mode of 
the wavelengths so that they recotnbine at output port 202. Circulator 7 routes the 
added channels into the external communication system, not shown. With multiplexer 
40 of FIG. 4, the second passage of the added channels through substrate 42 causes 
a frequency shift in the channels equal to that introduced during the first pass through 
switch 8" but with the opposite sign. As a result, for multiplexer 40 both the added 
and the dropped channels undergo a double passage through the device that 
culminates in no total frequency shrfl for the channels In either case. 

As with the double-switch embodiment of FIG. 3. the three switches of FIG. 4 
may be incorporated on the same substrate or different substrates. Variations to the 
general architectures of FIG.3 and FIG. 4 to achieve double passage for dropped 
and/or added channels with optimized perfomnance are within the si<ill of the artisan. 

In each of the previosly disclosed embodiments of FIGS. 1, 3. 4 coupling of 
the external reflecting device via a fiber to the substrate of the switch 8 allows other 
components to be easily inserted in the branch between port 203 and reflecting 
device 1 3. An optical power splitter (for example a 90:1 0 or 95:5 fused-fiber splitter) 
coupled between the substrate and reflecting device 13 allows performance 
monitoring of the device during operation. Moreover, if a need arises to track signal 
wavelength drifts, a feedback loop can be set up. including an opto-eJectric transducer 
coupjed to the power splitter and suitable feedback electronics controlling the radio 
frequencies produced by generators. 

FIG. 5A schematically illustrates another embodiment of the present invention 
of an add/drop multiplexer using an acousto-optical switch where reflecting device 13 
IS integrated with the substrate of switch 8. For example, reflecting device 13 in FIG 
5A may comprise a deposited layer of metal, as gold or aluminium, on the endface of 
the LiNbOa at the end of optical waveguide 106. In converrtional substrates, end- 
faces of the waveguide are typically slant-polished at about 6«» to avoid any back- 
refl ction from the end-face. To maintain slanting for the drop-output at port 205 and 
simultaneously allow an orthogonal incidence to the nd-faces for the line path n ar 
port 203. the end-faces are slant-polished and optical waveguide 106 is curved so as 
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to end at an angJe a of about 6- with respect to the axis of waveguides 1 19 and 120 
Accordingry. optical waveguide 1 06 crosses perper,dicular1y v«th the nd-face of the" 
substrate and with reflecting device 1 3. 

5 ^ '^"'^ •■"bcdim.nt of p™«rt ,n«n«o„ 

s,m,l.r.p thae ,n Fia 5A excep, , or a Change in tt« layout op»cal v«vegui*^ 

and 107. 

fn the embodiment of FIG. SB. the curvature of the optical paths is shared 
oetween both waveguides 106 and 107. 

In more detail, in the embodiment of FIG. 6B waveguides 106 and 107 are 

ZTT.^n K ^ " " °' "^^^^ *° —guides 

119 and 120. but with opposite directions. In this embodiment, the substrate end- 
faces are siant-polished at about 3-. Accordingly, waveguide 107 and the substrate 
end-face fom, an angle of 6' (so as to avoid back-reflection) and. at the same time 

wavegu.de crosses perpendicularlywith the end-face of the substrate and with 
15 reftecting device 13. «'«iawim 

In Ws manner, «,e space needed for the oun-ed waveguide, on the 3ul,strale 

r^^^Z"^ '^"^ °' '««on ma. 

0 ItaT .rT"" ^" "''"^•^ ''•^ 

10 mm to about 5 mm). 

Of course one cf orOlnanr sidll In the art can readily choose dlffe^n. angle, or 

.nteSrat.wavegu.deKintetomlnimize.h.spaceands^eof.hesubstrate. Allofthe 
P^vous^d^osed embodin^ems of RGS. 1^ ™y ai,en,a.ive.y use the integrated 
miiror techniques of FIGS. SA and SB. 

'"»"»*^«'^'»d"en,ofthepn.sentlnvent,on.acousto-opticaiadd/d,op 

rr!!rK 1""" ' ' ^^"^ »'-«ve ^ss- 

connect between a plurality of optical communication lines. In general, such a 

wavetength selective optical CrossConnect include, at least two acouston^ptica, 

^tches each Including a «rs. polarization epllHer, a wavelength^elec^ve polarization 

conversion stage coupled between the first polarization spiittw and a second 

P« anza„on sp«,er, a re«e«ing device coupled to one ann of me second polarization 

coupled to the fi^t pdanzation splitter, and an outlet port. Tl« „p„ca, cn=.s^„^ 

soT T " """" poi^-'ior 

spWters in the respective acouslo-opllcal sv«tch «. 

"9*«'«««oP««lc™ss.connect60 
eons«t ntw«, (he present invention includ , ecousto<,p»cal switches 8 and 8' 
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integrated on a common substrate 62. Each switch pref rably has an architecture 
similar to that described for multiplexer 10 in FIG. 1, with the exception of circulator 12 
of FIG. 1 that can be omitted here. Additionally, an optical path such as an optica* 
fiber connects port 205 in switch 8 with port 205' in switch 8'. Also, circulator 7' 
5 provides an Interface device to switch 8' via optical port 202'. Circulator 7\ like 
circulator 7, has at feast three ports where a first port provides line channels to the 
cross-connect, a second port couples the circulator 7' to switch 8\ and third port 7c' 
serves as an output. 

In operation, cross-connect 60 permits the switching of a channel selected by 
10 RF generator 6 between the respective line channels received at ports 7a and 7a'. 
Port 7a can be coupled to an external communication system and receive, for 
example, a plurality of wavelength-dMsion-multiplexed channels. Port 7a* can receive 
similar channels from a different system, or a subset of channels from the same 
system, for instance. Each of the channels received at port 7a that do not correspond 
15 to the wavelength selected by RF generator 6 are not switched within device 8 and. 
aierefore, pass through optical port 203 back to port 202 and port 7c of circulator 7, in 
a manner described above for FIG. 1 . The channel or channels that do coincide with 
the selection made by RF generator 6 are switched from the line channels and exit 
device 8 ttirough optical port 205. Similar operation occurs for the line channels 
20 received at port 7a' for entry to switch 8', 

As a result, switched channels from device 8 enter port 205' in device 8' and 
are multiplexed into the line channels in device 8' via upper and lower converters U 
and L. Optical port 202' and then circulator port 7c' provides an exit path for a 
combination of the line channels introduced at port 7a' and the added channel(s) from 
25 switch 8 that enters optical port 205'. Similarly, optical port 202 and then circulator 7c 
provides an exit path for a combination of the line channels introduced at port 7a and 
the added channel(s) from switch 8' that enters optical port 205. 

In the optical cross-connect of the present invention, several advantages 
arise. For one. the multiple switches 8 and 8' can be implemented, as mentioned, on 
30 a single substrate 62. v/hich pemiits simplified packaging with a common temperature 
control and possibly a single RF drive (such as 6). The homodyne crosstalk in the 
case of signal exchange is better than 30 dB. As well, when the device 60 is switched 
off. isolation between the lines is about 40 dB, con^spondlng to about the sum of the 
two single add/drop d vices' isolation of 20 dB. 
35 In accordance with the present invention, the acousto-optical add/drop 

multiplexers and cross-connect switch s of the previous discussion may include 
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stmcu™ for con^nsatins POlanzaflon mod dispeision (PMD) »,at arises in 
unoonvertM and unswitetied optical wavetenglhs. EP 805372A, p^vides a 
sT^r," -brmini.i.ina alTeCs ,„ acousto^tica, 

5 dTol 7 ■ P^P-^ation u™, or phas. 

Itd^ ; , l**" ^ -ou„ J J 

rid? .h"^ ' ""^"^"^ '■°"^««'- -Ha. 

depends on »„ ,o,a, ienglh L of .he devtoe. «n,e delay is in flenerai given by 

At = L.(no-n<,)/c = L«An/c. 
10 v^en. = is me .eioci^ of r,gh. in a vaouum. ,n an x^ut, y^ropagaton UNbO^ 

^Tnl : T"' 'iU. can 

be on *e o«ler of 50 ps«:. A phase displacenien. of the polanrabon 
components ol the sa™ bit (spiiHing) of a value o, 15 psac (or wim a higher va,.e in 
mecase Of de,.oes arranged in oascadejcan cause supen^poslHons oroveriapp,^ 

20 i^r^T ^^°^""™'="«-"*3^=^-'^^a,.yoftransn,i^r 
20 ^c,ud,ng»,t.rn,sof,nebi,er,orra,e,BER,. To avoid introducing deg«da«on a, high 
b ..es te2 5 Gbi..,,, the PMO Should in be in the orderof 1 pa. eapedai^.other 

con^ponemscontrtbuteto the total PMDofthe transmission line. Consequently the 
pn^sent ,nven.on contemplates the use of polari«,ion controlling device! that 

25 „T!r„r T """" "^'^ wavelengths mat do 

25 not undergo polarizauon conversion wlmin the acoustic wavaguidee 

f="'^=''»'^a"'«'o-<=P«cal add/drop multiplexer of Ihe present inventon 
slnaTt r'=*"'°"~""*^'"«'""-n»«ng PMD of unconvert«, o^T 
signals wjthin the multiplexer "f™i 

30 can comprise one or more 

30 b.^™^en, e^ment. that int,c*.ce the same time^elay accord^g u. forZ^ but 
-1 an opposite sign so as to compensate P«D. Such birefringe^ ateZu Z 
-sample, biiefdngant .bers <e.g. poi^^maintainlng Zrs, .rZ:Z 

35 orien J^T*" " property 

35 onentedw«h«,peCtdbi,efrtngencaaxisof.h device. In generai. the 
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(the axis with the lower refraction index) will be parallel to the device's "slow" axis, and 
vice versa. 

Suitable birefringent optical fibers of the type with polarization maintenance 
are, for example, PANDA™ fibers including internal tension elements, fibers with an 
oval inner cladding, and the like. A PANDA™ fiber suitable for the wavelength of 
1550 nm is Fujikura SM(C) 15-P. The transversal cross-section of these fibers have 
an axis called "slow" and an orthogonal axis called "fast." Signals with polarization 
parallel to the slow axis propagate according to a first index of refraction, with a speed 
lower than the signals having a polanzalion parallel to the fast axis of the fiber. 

For a birefringent crystal, an ideal candidate is LiNbOs itself because its 
birefringence is well determined and the needed lengths to compensate for the PMD 
correspond to the device length itself. In a z-cut, y-propagation LiNbOa substrate, the 
axes of the birefringence are exchanged compared to an x-cut, y-propagatton device. 
Optical waveguides for the PMD crystal can be produced with the same technique 
used for the add/drop device itself, and the crystal can be attached directly to the 
device without inducing significant additional loss. Hence, such a substrate is ideal to 
introduce the external compensating PMD. To compensate for the time delay 
generated within a length L of an x-cut, y-propagation LiNbOs substrate, a 
polarization-mode-dispersion compensator of a z-cut, y-propagation LiNbO, substrate 
positioned in the optical path of the unconverted signals will also have the length L. 

PMD compensation is not required for optical signals within add/drop 
multiplexer 10 that undergo a polarization conversion TE->TM or TM->TE within 
upper converter L or lower converter U. Upon the conversion taking place about half 
way along the optical path integrated on the substrate 10. the slow and fast 
polarization components change over with one another in the respective optical paths. 
As a result, the polarization mode dispersion is compensated inside the substrate 10, 
and no polarization mode dispersion arises for these converted signals. 

To accommodate the situation where nonconverted optical signals require 
PMD compensation while converted optical signals do not. the present invention 
contemplates numerous an^ngements of polarizatlon-mode-dispersion 
compensator(s) within add/drop multiplexer 10. More particulariy. PMD compensators 
are selected and positioned such that the sum of the PMD compensation from ail 
PMD compensators counteracts the time delay added to the unconverted optical 
signaJs passing through switch 8 but does not affect the converted optical signals. 
FIGS. 1 and 7 provide xampi s of preferred amangem nts of PMD compensators 9a 
and 9b In the add/drop multiplexer of the present invention. 
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20, , r T 9a is coupled in the optioal palh between port 

1,^1 k ""' ™°'=-™^?3m„beabi«,nng TZn>s. 

« (he converted optical signals that exit switch 8 at port 202 Thatis i»,h»^ 

a ---'--a^n-uc.a..ede...^rea:^arC:r™^ 
PMD compensator 9a would p^ferabiy compensate the delay by an amount J', 

eachpassthn,ugHi.so.ha..heu„con.rted»ave,.„^sth:eZrtrw:^^^^ 
a ,0^ Phase shift o,..=0 alte, two passes through switch 8 and PMD compenl^ 
9a. O-nsecuent^,. PMD compensator 9a couid be another LiNbO, subst^te haC 

'0 '="9''>«'-Mo,heleng,hof««subs,.,ecfswitch8or. PAND;~,ibe^r^r 
equivalent compensation capability. noer having an 

examp,r'fc,rr!r » = 

.nclud. PMD compensator. 9a and 9b split between ports 205 and 202. IftheLiNbO 

ZZ" ' ' "™ 3 

men PMD compensator 9b compensates a phase Shin Of value -^t and PMD 
compensator 9a compensates a phase shift of value .At. in this manner all optical 
^v^engths entenng sw«ch 8 via port 202 pass through PMD compensate 9b a" 

sTeZ nd •^'■""''"^«»»'»°P«-'-ve,eng.hs«,«,reno. 
sdec.edandconverted„ong„aveguides,19and120bacKo.tport202 These 

•.rough swrtch 8, which a second pass through PMD compensator 9b 
counterbalances to yield At=o for the unconverted wavetengths 

;^''^™'«'«"9«hs that are selected and convert«l in polarization alono 
-egu-des 119end 120 e>* swHch 8 ,, port 205 ^ FIO. 7 l,out fulr Ze sNft 
PWD compensator 9a then shifts me phase of these wavelengths by a val^Tr 
e,« and opposite to the amount ln„«,uced by PMD compensator L ^^h Zs 
At=Ofor the converted wa^lengths ma, enter cl^ulator 12. Of course' ^D 

dZ.~rr: »"V--e Known bXen. 

de«ces such a. the b-refhngent fibers and crystals desc*ed above As we« me 
arrangement for PMD comp«,sation »ius,n>.ed in FIGS 1 end 7 can b^J ,', 
extended m, double-pass embodiments o, FIOS T ' 

minorembodlmsntofFies 5AandSBhv„„. ^ and the integrated 

ivjo.o«and58byone fordinaiysklllinmeart 
Acco^ngto a further embodiment a po.an.a,|„n converterSa to compensate 
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PMD in a device as disclosed wrth reference to any of FIGS. 1 , 3-6 can include a 
Faraday-rotator or a quarter waveplate, as described In the following. 

The Faraday rotator is preferably such to rotate the polarization by 46* in a 
single passage. In this case, light leaving switch 8 from port 203 passes twice through 
5 the Faraday rotator, because of the reflection on mirror 13. and undergoes an overall 
polarization rotation of 90'. 

For example, TE light entering from port 202 and passing unconverted through 
the lower converter L. exits from port 203. After polarization rotation by the Faraday 
rotator, reflection and further polarization rotation. TM fight enters again port 203, 
1 0 passes unconverted through the upper converter U and exits from port 202. TM light 
entering the switch 8 by port 202 follows a con^espondlng optical path through upper 
converter U and successively, rotated to TM light, through lower converter L. 

In this way each input polarization component is converted to the orthogonal 
polarization component {by the Faraday rotator and reflecting device 13) halfway in its 
15 double-pass through the device and, hence, the paths followed by the two polarization 
components have a same total length. As a result, polarization mode dispersion is 
compensated. Moreover. PDL (polarization dependent loss) Is also compensated. 

SurtabJe Faraday rotators are for example made by Princeton and E-TEK. 
Faraday rotators directly attached to a min-or are available as a single package, in a 
20 configuration known as Faraday rotating mirror. 

The same results can be achieved by using a quarter wave plate placed along 
the optical path betvy/een port 203 and reflecting device 13. In fact, the double 
passage of light through the quarter wave plate causes a polarization rotation of 90"". 
A quarter wave plate can be attached to the end-face of the switch 8 with a 45* 
25 orientation with respect to the substrate crystal axis. Furthennore, the surface of the 
quarter wave plate opposite to port 203 can be made reflecting by a conventional 
technique and thus no separated reflecting device is required, Altematrvely, the 
quarter-wave plate can be connected to port 203 by a polarization maintaining fibere. 
Quarter wave plates for use in the present invention are available, for example, from 
30 Melles Griot or from Spindler+Hoyer. 

Applicants have detenmined that, for the optical signals that do not undergo a 
polarization conversion within switch 8. devices according to the present invention 
that use the Faraday rotator or the quarter wave plate are independent from the light 
polari2:ation. 

35 Constructing any of the add/drop multiplexers and optical cross-connects of 

FIGS. 1-7 is within the knowledge of one of ordinary skill in the art. For example. EP 
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768555A1 and EP 805372A1 describe techniques for making acousto^ptical 
switch s such as reference 8 using LiNbO,, diffusing waveguides onto such a 
substrate and depositing electrodes. 

Overall, the present invention provides numerous advantages for add/drop 
> multiplexir^ and selective cross-connecting in an optical communications 

for 200 GHz-channei spacing due to reduced space, and significantly reduced 
.nsertion losses (lower than about 5 dB for reflected line signals. i.e.. signals other 
than added or dropped signals, if reflecting device 1 3 has a sufficiently high 
|^flect,vity). If the acousto-optical switch includes a fourth optical port (such as port 
1204 ,n FIG. 2), the fourth output can be used for other purposes, such as monitoring 
Of the switching state, multiplexing with other wavelength channels, monitoring of 
srngle wavelength channels and so on. 

In addition, the structure of the present invention provides greater than 30 dB 
extinction for notched channels compared with known add/drop multiplexers 
Because the minor is integrated with the chip in certain embodiments, insertion losses 
caused by pigtailfng can be reduced by half. Also, in the embodiments that use 
double-pass for the line and single-pass for added and dropped channels, the 
Pigtailmg is much simpler and cheaper. There is only one fiber needed in the input 
and one in the output (1x1 pigtailing). hence alignment is much more simple and 
precise compared with 2x2 pigtailing in conventional switches and multiplexers that 
must use all optical ports of the acousto-optical device. 

A further important advantage of the 1x1 pigtailing is the reduced space 
needed to connect the integrated polarization splitters to the fiber. The maximum 
usable length of a single chip (about 65 mm) is limited by the wafer diameter which 
currently is 3 inches. As mentioned above, on the chip a relatively long section of 
about 20 mm (I.e., twice 10 mm) is needed to connect the optical guides of the 
converter {spaced apart by about 270 ^m) to the fiber pair at the endface (spaced 
apart by about 250 ^m) via the integrated polarization splrtters. In general, the total 
ength of a 0.9 nm FWHM (Full Width at Half Maximum) filter needed for 200 GHz 
WDM channel spacing is then between 80 mm and 85 mm {a 0.9 nm FWHM- 
converter has a length of about 40^5 mm). This would make a 4-inch wafer 
technology necessary for 2x2 fiber coupling. 

Th reduction to only on fiber per end-face reduces th I ngth of the 
connecting section to about half, and the chip I ngth no longer exceeds 65 mm This 
remains valid also if the parallel filter stages for the drop and add are integrated" as in 
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FIGS. 3 and 4, and if the mimor is integrated on the chip. In general, the 1x1 pigtailing 
allows a space reduction and provides room for an optimization of other 
characteristics, for instance reducing the bandwidth by extending the converters. 
However, even by doing so, the 3-inch technology is sufficient for a 0.9 nm FWHM 
5 filter. 

It will be apparent to those skilled in the art that various modifications and 
variations can be made to the system and method of the present invention without 
departing from the spirit or scope of the invention. For example, the add/drop 
configurations are intended to be merely exemplary of prefen^ed embodiments, and 
10 not exhaustive. Further, those sicilled rn the art will recognize that, in the absence of 
circulator 12 that helps to perfomn the add/drop function, the device disclosed herein, 
e.g.. with reference to FIGS. 1, 5A. SB, 7 constitutes a novel doubte-passage band- 
reject Optical filter, which may be used as suggested and disclosed in EP 981 18377.5. 
In particular, optical signals are input at port 7a of circulator 7 and output at port 7c of 
15 the same circulator. 

Furthermore in device disclosed herein, e.g., with reference to FIGS. 1 , 5A, 
5B, 7, circulator 12 can be sut>stituted by another reflecting device. A novel 
wavelength selective frequency shifter is so obtained, that shifts, among the 
wavelengths input at port 7a of circulator 7. only the signals selected by the radio 
20 frequency. The wavelength shift is by an amount corresponding to the radio frequency 
itself. 

According to a further, alternative embodiment, in the device disclosed herein, 
e.g., with reference to FIGS. 1, 5A, 68, 7, circulator 12 is substituted by a reflecting 
device and reflective device 13 at the output of port 203 is removed. In this 
25 embodiment the device behaves as a novel double-passage band-pass optical filter. 

The present invention covers the modifications and variations of this invention 
provided they come within the scope of the appended claims and their equivalents. 
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WHAT iS CLAlMPn ifi . 

1 . An acousto-optical add/drop multiplexer, comprising: 
5 a substrate-mounted acousto-optical switch including 

a first optical port coupled to a first polarization splitter, 
first and second polarization conversion regions opticaliy 
coupled between the first polarization splitter and a second polarization splitter, and 

and third optical ports coupled to the second 

10 polarization splitter; 

a first circulator having, in order of rotation, an input port, a switch port 
coupled to the first optical port, and an output port; 

a reflecting device coupled to the second optical port; and 

1S th«*Kw r ^^^''''"''''''^'^'^''^^"•"SJn order of rotation, a filler port couple 
1 5 the third optical port, a drop port, and an add port. 

2. The acousto<,ptical add/drop multiplexer of claim 1 . wherein the first 
polanzation splitter has cross and bar transmission respectively for orthogonal 
polarization components of received light 



20 



25 



30 



3. 

ar 



35 



The acousto^ptical add/drop multiplexer of daim 1 . further comprising- 
an upper transducer within the acousto-optical switch acoustically 
coupled to the first polarization conversion region and to an RF source, the upper 
^nsducer generating a first acoustic wave in the first polarization conversion region 
having a characteristic frequency detemiined by the RF source. 

4. The acousto-optical add/drop multiplexer of claim 3, further comprising- 
a lower transducerwithin the acousto-optical switch acousticaliy 
coupled to the second polarization conversion region and to the RF soun^e the lower 
transducer generating a second acoustic wave In the second polarization conversion 
region having the characteristic frequency with a propagation direction opposite to a 
propagation direction of the first acoustic wave. 

,^^J'^^'=°"^^P«°^'«^'^^^<>P'""«'P'^erofd^^^ 
IS coupl d to the second optical p rt via an optical fiber. 
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6. The acousto-optical add/drop multiplexer of daim 1 , wherein the mirror 
is integrated on the substrate at the second optical port. 

7. The acousto-optlcal add/drop multiplexer of claim 6, wherein an edge 
5 of the substrate at the second and third optical ports is slant-polished and an optical 

waveguide feeding the second optical port within the substrate is positioned 
substantially normal to the edge. 

8. The acousto-optical add/drop multiplexer of claim 1 , further comprising: 
a polarization-mode-dispersion compensator coupled between the 

reflecting device and the second optical port. 

9. The acoustoopticai add/drop multiplexer of claim 8, wherein the 
polarization-mode-dispersion compensator is a birefringent element. 

15 

10. The acousto-optical add/drop multiplexer of daim 9. wherein the 
birefringent element is one of a polarization-maintaining fiber and a birefringent 
crystal. 

20 11- The acousto-optical add/drop multiplexer of claim 8, wherein the 

polarization-mode-dispersion compensator is one of a Faraday rotator and a quarter- 
wave plate. 



1 2. The acousto-optical add/drop multiplexer of claim 1 , further 

25 comprising: 

a first polarization-mode-dispersion compensator coupled between the 
filter port of the second circulator and the third optica! port of the switch; and 

a second polarization-mode-dispersion compensator coupled between 
the switch port of the first circulator and the first optical port of the switch. 
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13. The acousto-optical add/drop multiplexer of dafm 1 , further comprising 
a second acousto-optical switch formed on the same substrate as the 
acousto-optical switch. Induding 

a fourth optical port coupled to the drop port of th second circulator, 
third and fourth polarization conversion regions optically coupled between third 
and fourth optical polarization splitt rs, and 
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a mh optical port coupled to the fourth optical splitter. 

5 a third acousto-optical switch formed on the same substrate as the 

acousto-opbcal switch, including substrate as the 

circulator. ^ *° ^''^ P*''* ^^^'^^ ^^'^^"'^ 

10 fifth .nH - ^'^^ ^""^ regions coupled be^^^^ 

10 frfth and sixth optical polarization splitters, and ° oeiween 

a seventh optical port coupled to the fifih optical splitter. 

15. A wavelength selective optical cx^ss-connect. comprising: 
^ ^ acousto-optical switches, each including 

a first polarization splitter. 
K «- ^ wavelength^elective polarization conversion stage coupled 

betweenthenrstpolanzatlonsplitterandasecondpolanzatlonsplitter. 

a reflecting device coupled to one arm of the second 
polanzation splitter, and 

a circulator having, in order of rotation, an input port for 

.nm ■ ^" '^'"'""^ °' polarization 

splitters in the respective acousto-optical switches. 

pirorr"'^^""^^^^^ 

17. An acousto^ptical waveguide device selective in wavelength 
compnsing: c'cngin, 

a birefnngent and photoelastic substrate; 
.nri. . ^ vvavelength-selective polarization conversion region Including first 
^ and second acoustic waveguides and flrst and second optical paths- 

««.n H « . ^ polarization splitter coupled between one end of the fi«t and 
second optical paths and only a first optical Interface for the device; and 
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a second polarization splitter coupled between an opposite end of the 
first and second optical paths and at least a second optical interface for the device. 

18. A method of multiplexing optical channels, comprising the steps of: 
5 providing a plurality of optica/ channels to an acousto-optical switch 

having a first polarization splitter and a polarization conversion stage connected 
between the first polarization splitter and a second polarization splitter 

switching at least one of the optical channels to a first arm of the 
second polarization splitter and other of the optical channels to a second arm of the 
10 second poia rization s pi itte r; 

reflecting the other of the optical channels back through the switch via 
the second arm; 

adding to the first arm a new channel coinciding in wavelength with the 
at least one of the optical channels; and 
15 combining the new channel and other of the optical channels at an 

output of the switch coupled to the first polarization splitter 

19. The method of daim 18, wherein the adding step includes the 
substepof: 

20 separating said new channel from a different plurality of optical 

channels in another acousto-optical switch. 

20. The method of claim 18, wherein the switching step includes 
the substep of: 

2S passing the at least one of the optical channels to another acousto- 

optical switch for addition to a different plurality of optical channels. 
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An acu«,.op.ioal ad^dmp ™(.iplaxer Include an aoou«<«pt,cal .witch 
m W,n, a «r« opfca, port coupled u> a fi,s, polar,za«on 3p,«er. a, leas, one 
po anzatton converter coupled between the fl,st polarization aplWer and a second 

A flrs. ara.,a,or « coupled to the Srst optica, port, a .Irror is coupled to «,e second 
op*cal port, and a second circulator is ooupl«. to the third optica, port. A «a«leng.h 

TIT 'T, ^^^O coupling two such acousto-optiLl 

add/drop muftptexen, by a single optical fiber to their respecBve «,i„i optical ports 
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